Purpose: The aim of this study was to assess the volume of the respective kidney compartments with 3 particular interest in renal sinus fat as an early biomarker and to compare the distribution between 4 individuals with normal glucose levels and individuals with prediabetes and diabetes. 5 Material and Methods: The sample comprised N = 366 participants who were either normoglycemic 6 (N = 230), had prediabetes (N = 87) or diabetes (N =49), as determined by Oral Glucose Tolerance Test. 7 Other covariates were obtained by standardized measurements and interviews. Whole-body MR 8 measurements were performed on a 3 Tesla scanner. For assessment of the kidneys, a coronal T1w dual-9 echo Dixon and a coronal T2w single shot fast spin echo sequence were employed. Stepwise semi-10 automated segmentation of the kidneys on the Dixon-sequences was based on thresholding and 11 geometric assumptions generating volumes for the kidneys and sinus fat. Inter-and intra-reader 12 variability were determined on a subset of 40 subjects. Associations between glycemic status and renal 13 volumes were evaluated by linear regression models, adjusted for other potential confounding variables.
28
Conclusion: Renal volume and particularly renal sinus fat volume already increases significantly in 1 abdominal organs such as the liver or the kidneys.
2 Thus, the aim of this study was to assess the volume of the respective kidney compartments with 3 particular interest in renal sinus fat as an early metabolic biomarker and to compare the distribution 4 between individuals with normal glucose levels and prediabetic and diabetic individuals. in KORA FF4 has been described previously (14) . Eligible subjects were selected if they met the MathWorks, Natick, USA) (Fig 1) and is based on the algorithm described in (20) . In short, the kidneys 7 were segmented from the surrounding tissues by thresholding the Dixon-T1 water-only images with a 8 subsequent refinement step using prior knowledge about the kidney shape and location. In a second step 9 renal parenchyma, renal sinus and sinus fat were determined by thresholding the maximum pixel's 10 intensity in the slice. The separation of the kidney from the spleen and gastrointestinal tract was refined 11 using active contours generating a whole kidney mask. Within the generated entire kidney mask, the 12 kidney, renal sinus and pelvis were subsequently separated. This separation algorithm utilizes 13 assumptions of the renal anatomical structure, e.g., that the renal cortex surrounds parts of the medulla.
14 The renal sinus was segmented using pixels with lower signal intensity than renal parenchyma tissue in normoglycemic. (Fig 2) . Inter-Reader-Variability 5
Inter-Reader Variability was evaluated on 33 subjects. The relative difference between readers for 6 absolute renal volume was -1.9 ml (corresponds to -0.5%, 95% limits of agreement: -29.1 ml, 25.2 ml), 7 whereas the relative difference for renal sinus volume was -5.1 ml (corresponds to -15.2%, 95% limits 8 of agreement: -23.3 ml, 13.0 ml) and for the percentage of renal sinus fat 7.1% (corresponds to 14.7%, 9 95% limits of agreement: -8.3%, 22.5%).
11
Unadjusted Renal Volumes 12 Detailed information is provided in Table 1 and Fig 3. Average renal volume showed a slight but highly 13 significant increase between normoglycemic individuals and subjects with prediabetes and diabetes.
14 Also, the renal sinus showed a significant enlargement between normoglycemic individuals and subjects 15 with prediabetes and diabetes (renal volume: 280.3±64.7 ml vs 303.7±67.4 ml vs 320.6±77.7ml, 16 respectively, p < 0.001). The largest difference was found between normoglycemic subjects and subjects 17 with prediabetes (p<0.001 respectively). The sinus fat component showed very similar changes. Adjustment for age and sex 1 After adjustment for age and sex, a significant association could be found for prediabetes and diabetes 2 with renal volume ( 
Association and Correlation between renal volumes and VAT 5
There was a highly significant association between VAT and renal volumes, particularly between VAT 6 and the absolute sinus fat volume (β = 2.75, 95% CI: [2.3, 3.2]; p<0.01) ( Table 3 ). A regression model 7 only adjusted for age, sex and age already accounts for 55.6% of the variability of sinus fat ( Table 4) .
8
When stratifying according to glycemic status, there was also a significant correlation between VAT 9 and sinus fat in normoglycemic individuals and individuals with diabetes (between r=0.66 and 0.73) and 10 a lower but still significant correlation in individuals with prediabetes ( Table 5 and Fig. 4) There was a significant correlation between VAT and renal sinus fat particularly for healthy controls 3 and individuals with diabetes.
1 Discussion 2
In our study, total renal compartment volumes significantly increased with glucose intolerance.
3
Particularly renal sinus fat shows a considerable and significant increase in subjects with prediabetes 4 compared to healthy controls. However, renal sinus fat is not independently associated with glycemic 5 status and shows a strong correlation with VAT.
6
Assessment of kidney size and volume in the context of chronic kidney disease associated with 7 cardiovascular risk profiles has been of long-standing interest with contradictory results (23-27). In 8 diabetic nephropathy pre-clinical studies show an increase of kidney volume even preceding 9 hyperfiltrative stages (28-30) similarly to our study, although this could not be verified in a small case 10 study (31). In renovascular disease, kidney and cortex volume had a predictive value on clinical outcome 11 (25, 26) . A recent study has shown a negative correlation of the kidney volume to the extent of chronic 12 disease (32). However, in our study cohort GFR was only slightly reduced in our well-adjusted study 13 subjects with prediabetes and diabetes, so that extent of chronic kidney disease was only low.
14 Renal sinus fat has become of increasing interest when studying cardiovascular risk factors in metabolic 15 syndrome, as perivascular adipose tissue forms an important link between obesity, insulin resistance and 16 both macro-and microangiopathy. It is thought to obstruct lymph and blood outflow of the kidney. A 17 recent study has shown that in a metabolically benign condition renal sinus fat reduces the release of 18 (pro)-inflammatory factors. However, in a metabolically malignant condition, when fatty liver-derived 19 hepatokines, like Fetuin-A, act on human renal sinus fat, the beneficial influence on glomerular cells is 20 abolished, possibly leading to renal dysfunction and damage (33).
21
Renal sinus fat volume is associated with the number of prescribed antihypertensive medications and 22 stage II hypertension (9) and is also thought to be an independent risk indicator of coronary artery accumulation was independently associated with both hypertension and chronic kidney disease (7). In 5 our study there was a significant association between increasing urine albumin levels and renal sinus 6 volume, but not renal sinus fat volume, so that we cannot provide a final conclusion to this point.
7
A cross-sectional study (36) found deposition of adipose tissue particularly into the left renal sinus, 8 which was related with the VAT amount. However, reductions in VAT volume were not accompanied 9 by reductions in renal sinus fat accumulation. An increasing number of studies suggest, that renal sinus 10 fat plays an important role in obesity-induced renal injury (37) which could be diagnosed and linked 11 with early biomarkers of kidney injury (36).
12
In our study the volume of renal sinus fat was not independently associated with glycemic status and 13 this association was not significant when corrected for cardiovascular risk factors. Interestingly, there 14 was a strong correlation with VAT, explaining the major variability of renal sinus fat. These findings 15 show, that both VAT and renal sinus fat may show interactions as perivascular adipose tissue, similarly 16 to pericardial and hepatic fat. These findings are similar to another study investigating the same study 17 cohort, showing that pancreatic fat content differs significantly between subjects with prediabetes, 18 diabetes and controls, but that association is confounded by age, gender, and the amount of VAT (15).
19
Our data was based on semi-automated segmentation and volumetry of T1w-Dixon images. We chose 20 a semi-automated approach as manual segmentation of abdominal organs is complex and tedious and is 21 also prone to inter-and intraindividual bias (38). Semi-automated segmentation and volumetry of the 22 entire kidneys may form a robust method to assess discrete changes of organ volume, which may be 23 overlooked by a manual approach as performed in previous studies (39, 40) . Our exploited algorithm 24 was based on thresholding and geometrical approaches and did not comprise neural networks and deep 25 learning approaches, so that manual correction was still required. However, total renal volume did only
26
show a small inter-reader variability, whereas there was a larger relative variability for renal sinus fat,
27
but still considerably smaller than the difference between healthy and prediabetic subjects.
1
There are several limitations to our study. First, our semi-automated algorithm did not satisfactory 2 separate renal cortex and medulla (data not shown). As our focus lay on the assessment total renal 3 volume and renal sinus fat, we did not further pursue corticomedullary discrimination and segmentation.
4
Second, an animal study has shown, that an increase in intrarenal lipids up to 13 percent could be 5 detected in diabetic nephropathy and associated with renal hypoxia (41). The exploited two-point-
6
Dixon-VIBE-sequence would principally allow for such intrarenal lipid quantification, however these 7 results are only consistent, if fat content is above ten percent, so that variation bias was too high (data 8 not shown). More precise multi-echo-Dixon-VIBE-sequences centered on the liver were acquired in this 9 study cohort, so that the kidneys were only partially covered. Lastly, our algorithm required manual 10 correction, so that further refinement would be necessary to assess large volume cohort studies such as 11 the German National Cohort (42) or UK Biobank (16) with up to 100,000 study subjects.
12
In conclusion, renal volume and particularly renal sinus fat volume already increases significantly in 13 prediabetic subjects. There is a significant association between VAT and renal sinus fat, suggesting that 14 there are metabolic interactions between these perivascular fat compartments. 
